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Anillin Mediates EMT by Targeting c-Myc in the Nucleus and Potentiates

Gastric Carcinoma Progression
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Abstract ANLN (Anillin), an actin-binding protein, reportedly plays a vital role in cell proliferation and
migration, particularly in cytokinesis. Although there have been findings pointing to a contribution of ANLN to the
development of cancer, the potential regulatory roles and molecular mechanisms by which ANLN affects the devel-
opment and progression of GC (gastric carcinoma) remain obscure. Herein, applying wound healing assay, Trans-
well migration and Matrigel Trans-well assays to detect the effect of ANLN expression on migration and invasion
ability of GC cells in vitro. Then, performing Western blot to evaluate EMT (epithelial-mesenchymal transition)
associated proteins and Smad proteins. Moreover, performing immunofluorescence assay, Co-IP (co-immunoprecip-
itation) assay and Western blot to explore molecular mechanisms by which ANLN is involved in GC metastasis. In
this study, ANLN silencing attenuated GC cell migration and invasion. Mechanistically, ANLN could interact with

c-Myec in the nucleus and subsequently phosphorylate c-Myc to induce the expression of Snail and Slug transcrip-
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tion factors, to promote EMT but does not activate Smad proteins. Collectively, the data reveal a potential molecu-

lar mechanism in which ANLN mediates Smads signaling pathway and c-Myc protein respectively, which target

downstream transcription factors (Snail and Slug) to trigger EMT.

Keywords

GC (gastric carcinoma) is one of the most common
cancers and causes of cancer death worldwide " More
than four-fifths of patients with GC are diagnosed in
the middle and late stages because the symptoms are
not obvious P! The 5-year survival rate of global GC
patients is less than one-fifth . Therefore, the molecu-
lar mechanism of the occurrence and development of
GC is currently the focus of research.

ANLN (Anillin) is an actin binding protein that
has been documented as a key factor in cell division,
and it is a multi-domain protein that interacts with
many proteins ®). ANLN is highly expressed in many
types of site-specific cancerous tumors and involves in
cancer progression 2,

To date, Myc and ANLN have been discovered to
interact through experimental evidence, including affinity
capture-MS !, and proximity label-MS " and curated
by the Biogrid "*. The Myc family of oncogenes (c-,
N-, and L-Myc ) encodes a set of transcription factors
that feature prominently in cancer '®. Myc protein acts
as both a transcriptional activator and a transcriptional
suppressor, and plays a role in tumor initiation by con-
trolling the expression of thousands of genes involved in
cell growth, proliferation, metabolism and genomic sta-
bility ", MAX, the chaperone of Myc, creates a stable
DBD (DNA-binding domain ) for Myc’s recognition of
target genes, which recognizes the E-box motifs (CAC-
GTG) in promoters and enhancer of Myc regulatory
genes ", Once bound to its target sites, Myc interacts
with sets of cofactors to modulate the gene expression
patterns that ultimately lead to malignancy "**!. These
results prompted us to test whether the interaction be-
tween ANLN and c-Myc is involved in GC metastasis.

EMT, a complex cellular pathway in which epi-
thelial cells lose cell-to-cell adhesion (characterized by
membranous E-Cad loss) and gain mesenchymal char-

acteristics (characterized by increased N-cadherin ex-

ANLN (Anillin); GC (gastric carcinoma); c-Myc; EMT (epithelial-mesenchymal transition); Smads

pression and migratory capabilities), is not only critical
in development and wound healing, but also represents
a salient property of primary tumor formation and
metastasis !, Transcription factors play an important
role in the process of EMT. Currently, it has been re-
ported that EMT-related transcription factors include
Snail family, ZEB (zinc finger E-box-binding) protein
family, and bHLH (basic helical-loop-helical protein)
homodimers and heterodimers 2%,

In this study, ANLN down-regulation stably sig-
nificantly impaired metastasis of GC cells. Furthermore,
our study revealed a possible molecular mechanism by
which ANLN mediates independent Smads and c-Myc
signaling pathways, triggering EMT by targeting Snail

and Slug downstream transcription factors.

1 Materials and methods
1.1 Antibodies and reagents

E-cadherin, N-cadherin, Vimentin, Snail (Slug),
MMP2, MMP9, ANLN, p-c-Myc (S62), c-Myc and
B-actin antibodies were purchased from Abcam (Cam-
bridge, MA, USA). The inhibitor 10058-F4 was ob-
tained from Beyotime (Shanghai, China). The Alexa
Fluor 488- and 594-conjugated secondary antibodies
were obtained from Abcam (Cambridge, MA, USA).
1.2 Cell culture

MGC-803 cells were originally obtained from the
Shanghai Institute of Life Sciences at the Chinese Acad-
emy of Sciences (Shanghai, China). MGC-803 cells were
incubated in RPMI-1640 medium containing 10% fetal
bovine serum, 100 U/mL penicillin and 100 mg/mL strep-
toMyc in, and then cultured in a 5% CO, humidifica-
tion atmosphere at 37 °C, and cells between the third
and tenth passages were used in this study.
1.3 Generation of stable cell lines

MGC-803 cell line that stably expressed ANLN

shRNA or control-shRNA were constructed using a
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lentiviral shRNA technique. Oligonucleotides were
constructed in the pLent-U6-GFP-Puro vector (Vigene
Biosciences, USA). PuroMyc in (6 pg/mL) was used to
select for stably transfected cells for 4 weeks. The hu-
man ANLN shRNA sequence was designed as follows:
5'- GCT CTG ACA TTC ACT ACT ATT CAA GAG
ATA GTA GTG AAT GTCAGA GCT TTT TTT-3".
1.4 Wound-healing assay

Adding about 5x10° cells to the 6-well plate, and
scraping the fused monolayers into straight lines with
a sterile 1 000 pL plastic straw tip. Un-adherent cells
were removed with sterile PBS and then replaced with
fresh serum-free medium. After incubation for 24 h,
wound photos were taken with an inverted microscope
(Leica, Germany).
1.5 Trans-well migration assay

100 pL of a cell suspension (5%10* cells) in serum-
free medium was added to the upper compartment of the
Trans-well migration chambers (BD, USA). The bottom
chamber was filled with 600 puL of medium containing
10% fetal bovine serum. After a 24 h incubation period,
cells were fixed with 100% methanol for 30 min and
stained with 0.1% crystal violet for 20 min. The number
of cells that penetrated the membrane were counted in
five random fields.
1.6 Matrigel Trans-well assay

The upper compartments of the Trans-well migration
chambers (BD, USA) were precoated with 80 pL of Matrigel
at 4 °C overnight. 100 L of cell suspension (510" cells) in
serum-free medium was added to the upper compartment of
the Trans-well migration chambers (BD, USA). The bottom
chamber was filled with 600 pL of medium containing 10%
fetal bovine serum. After incubation at 37 °C for 24 h, cells
were fixed with 100% methanol for 30 min and stained with
0.1% crystal violet for 20 min. The number of cells that pen-
etrated the membrane were counted in five random fields.
1.7 Co-IF (co-location immunofluorescence) assay

Cells (3%10°) treated with or without 20 umol/L
10058-F4 were grown on glass coverslips in 24-well
plates for 24 h. The cells were fixed and permeated and
then closed, next were incubated overnight with diluted

primary antibody at 4 °C. Fluorescence secondary an-

tibody incubation and DAPI redye nuclei were carried
out in the dark, and Co-IF (co-location immunofluores-
cence) images of the indicated proteins were acquired
with an inverted microscope.
1.8 Western blot

RIPA buffers lysed cells and BCA protein detection
kit (Beyotime, Shanghai, China) measured protein concen-
trations. Proteins were separated by SDS-PAGE and then
transferred to the PVDF membrane. Next, QuickBlock™
Blocking Buffer (Beyotime, Shanghai, China) blocked the
membranes for 15 min at 25 °C. Then incubated overnight
with primary antibodies at 4 °C and secondary antibody
for 1 h. Signals were examined using the ECL chemi-
luminescence reagent on the electrochemiluminescence
system (Bio-Rad Laboratories, Hercules, CA).
1.9 Co-IP (co-immunoprecipitation) assay

Cells at 90% confluence were lysed in IP lysis
buffer containing protease inhibitors and precleared
with protein A-, G-Sepharose beads for 60 min. The
lysates were then incubated overnight with primary
antibody or non-specific IgG (immunoglobulin) in the
presence of protein A- and G-agarose beads. Rinsed
beads with 40 pL cold elution buffer. Then, 30 pL of
5% sample buffer was added to the eluted samples fol-
lowed by boiling at 95 °C for 5 min. The expression of
the expressed protein was analyzed by Western blot.
1.10 Statistical analysis

Statistical analysis was performed using Excel.
All data were expressed as means+standard error of
the mean (sx) obtained from at least three independent
experiments. The two groups of independent samples
were compared by two-tailed student ¢ test. Multiple
comparisons were performed using One-Way analysis
of variance. Significant differences were as follows:
*P<0.05; and **P<0.01.

2 Results
2.1 ANLN is abnormally overexpressed in GC

cells and is associated with prognosis of GC
A previous study showed that ANLN is aberrantly
overexpressed in GC and positively correlated with

GC progression ), we adopted Kaplan Meier-Plotter
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(http://kmplot.com/analysis/) online tool to analyze the
relationship between ANLN and the prognosis of GC.
The median expression level of ANLN was used as the
basis for grouping, and the patients were divided into
high and low expression groups. Then, the OS (overall
survival) of GC was selected for analysis. The results
showed that ANLN expression level was negatively
correlated with prognosis of patients (Fig.1A). To con-
firm ANLN overexpression in GC, we determined the
expression of ANLN in two GC cell lines (SGC-7901
and MGC-803), and normal gastric cell line (GES-1).
Western blot assay showed that levels of ANLN pro-
tein in GC cell lines (SGC-7901 and MGC-803) were

higher than normal gastric cell line (GES-1) (*P<0.01)
(Fig.1B). For the next experiment, lentivirus vector
plasmid of pLenti-shRNA-ANLN and pLenti-shRNA-
NC lentivirus vector were transfected into MGC-803
cells respectively to construct sh-ANLN experimental
group and negative control group sh-NC group. RT-
PCR and Western blot showed that stable transfec-
tion efficiency was statistically significant (*P<0.05)
(Fig.1C and Fig.1D).
2.2 Depletion of ANLN suppresses the metastasis
of MGC-803 cells in vitro

To determine whether knockdown of ANLN ex-
pression affected MGC-803 human GC cells migra-
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A: ANLN overexpression was negatively correlated with survival in patients with GC. OS (overall survival) analysis; B: expression of ANLN in GC
cells (SGC-7901 and MGC-803) and gastric normal cells GES-1. ANLN expression level in SGC-7901, MGC-803 and GES-1 cell lines was analyzed
by Western blot analysis, **P<0.01 compared with GES-1 group; C: real-time PCR analysis. The lentivirus vector plasmid of pLenti-shRNA-ANLN
and pLenti-shRNA-NC were respectively transfected into MGC-803 cells as experimental group (sh-ANLN group) and negative control (sh-NC group),
the down-expression efficiency was detected. The relative ANLN mRNA expression level was normalized to f-actin. Data are shown as the X+s of the
values from three independent experiments. Statistical significance was determined with a two-tailed Student’s #-test. *P<0.05 compared with sh-NC
group; D: Western blot analysis. The transfection efficiency of sh-ANLN group and sh-NC group was detected. B-actin was used as the loading control,
and the ANLN protein levels in the above cell lines were quantified. Data are shown as the X+s of the values from three biological replicates. Statistical
significance was determined with a two-tailed Student’s #-test. *P<0.05 compared with sh-NC.
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Fig.1 ANLN is abnormally overexpressed in GC cells and is associated with prognosis of GC
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tion, we utilized wound healing assays and migration
assays. The results revealed that cells with knockdown
of ANLN expression had weaker migration capacity
than cells transfected with control-shRNA (Fig.2A and
Fig.2B). Next, we used Matrigel Trans-well assays to
determine whether knockdown of ANLN expression
affected MGC-803 human GC cells invasion, and the
results showed that compared to sh-NC cells, cells with
down-regulated of ANLN expression were less invasive
(Fig.2C). MMPs can degrade almost all protein compo-
nents in the ECM (extracellular matrix) to destroy the
histological barrier of tumor cell invasion B, MMP2
and MMP9 expression after down-regulating ANLN
expression were determined by Western blot assay,
and the results showed that the two MMPs proteins de-
creased while ANLN silencing (Fig.2D). In conclusion,
the above in vitro experiments can prove that ANLN
may play a positive role in the metastasis of GC cells.
2.3 Depletion of ANLN blocks EMT in MGC-
803 cells by devitalizing Smads

In order to explore the potential molecular sig-
naling pathways that reduce the metastasis ability of
human GC cells due to ANLN silencing, we examined
the changes in EMT-related proteins in GC cells with
ANLN silencing, and the results of Western blot assay
showed that ANLN silencing significantly increased E-
cadherin protein expression and reduced expression of
N-cadherin and Vimentin protein, and that suppressed
transcription factors Snail and Slug expression com-
pared with sh-NC cells (Fig.3A). We next investigated
whether Smads participate in the ANLN-mediated
activation of EMT. Smad2, Smad3, p-Smad2 and p-
Smad3 expression were detected by Western blot, and
the resulted showed that ANLN silencing significantly
reduced p-Smad2 and p-Smad3 expression (Fig.3B).
Taken together, these results show that ANLN knock-
down can inactivate Smad2 and Smad3 to block EMT.
2.4 ANLN regulates c-Myc via interactions with c-
Myec in the nucleus, subsequently phosphorylating
c-Myec to induce EMT without activating Smads

In order to explore other molecular mechanisms
of EMT mediated by ANLN silencing in human GC

cells, the expression levels of c-Myc and p-c-Myc in
human GC cells were detected by Western blot assay,
and the results showed that ANLN silencing signifi-
cantly suppressed expression level of c-Myc and p-c-
Myc (Fig.4A). Based on it, we hypothesized that ANLN
could regulate phosphorylation of c-Myc by binding to
c-Myec, thus activating EMT. To test this hypothesis, co-
IF and co-IP assays were performed. We found an exact
interaction between endogenous ANLN and endogenous
c-Myc, and this binding was found in the nucleus, and
ANLN silencing was accompanied by a reduction in the
binding rate in the nucleus (Fig.4B and Fig.4C).

We also utilized a specific inhibitor (10058-F4)
that targets both c-Myc and p-c-Myc to detect the role
of ¢c-Myc in the regulation of EMT by knocking out
ANLN. E-cadherin, N-cadherin and Snail and Slug tran-
scription factors expression levels were tested by West-
ern blot assay, and we found 10058-F4 significantly
increased E-cadherin expression and depressed N-cad-
herin expression level, and that remarkably decreased
transcription factors Snail and Slug expression (Fig.5A).
However, 10058-F4 treatment took no effect on Smad
proteins (Fig.5A). Therefore, we assumed that phos-
phorylation of c-Myc via interactions with ANLN acti-
vates the expression of the above transcription factors
to promote EMT without activating Smads. Therefore,
our experiment using TGF-f to stimulate TGF-f signal-
ing pathway just confirmed our conjecture. The Western
blot assays showed that ANLN silencing inhibited EMT
by suppressing crosstalk between independent Smads
and c-Myc signaling pathways, and that was reversed
by TGF-B treatment, which resulted in E-cadherin pro-
tein down-expression and N-cadherin protein over-ex-
pression (Fig.5B). Synthetically, our study showed that
phosphorylation of c-Myc via interactions with ANLN
activates the expression of downstream transcription
factors (Snail and Slug), without activating Smads, to

synergistically promote EMT.

3 Discussion
In this study, we demonstrated the roles of

ANLN in MGC-803 human GC cells and determined
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A: wound-healing assays. The wound closure rate was calculated; B: Trans-well migration assays. The cell number per field was calculated; C: matrigel
Trans-well assays. The cell number per field was calculated; D: MMP2 and MMP9 expression levels were analyzed by Western blot assay. f-actin was

used as the internal reference, and the gray level of stripe protein was analyzed by Image] software. All data represent the X+s of the values from three
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Fig.2 Depletion of ANLN inhibits the migration and invasion of MGC-803 cells in vitro
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A: E-cadherin, N-cadherin, Vimentin and Snail (Slug) expression levels were analyzed by Western blot assay; B: Smad2, Smad3, p-Smad2 (S467) and

p-Smad3 (S423 and S425) expression levels were analyzed by Western blot assay. B-actin was used as the internal reference, and the gray level of stripe

protein was analyzed by Imagel software. All data represent the X+£s of the values from three biological replicates. Statistical significance was deter-
mined with a two-tailed Student’s #-test. *P<0.05, **P<0.01 compared with sh-NC group.
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Fig.3 Depletion of ANLN blocks EMT in MGC-803 cells by influencing Smads

the possible underlying mechanism. GC cell line was
showed to have highly expression of ANLN, and the
overexpressed ANLN contributed to the progression
of GC. Furthermore, ANLN played a positive role in
the metastasis of GC cells. At present, we determined
by series of experiments in vitro that ANLN silencing
inhibited metastasis behaviors of GC cells. We further
showed that an exact interaction between endogenous
ANLN and endogenous c-Myc, and knockout of ANLN
was accompanied by a reduction in the binding rate in
the nucleus. Additionally, c-Myc through its interaction
with ANLN activated the expression of the transcrip-
tion factors (Snail and Slug) to synergistically promote
EMT without activating Smads. These findings repre-
sented a mechanism of ANLN promote EMT by inter-
acting with c-Myc and mediating Smads respectively,
and then targeting Snail and Slug downstream tran-

scription factors; moreover, hyperactivation of EMT

was shown to be associated with GC cell motility and
invasion.

In this study, we showed that ANLN silencing ef-
fectively blocked EMT through the upregulation of E-
cadherin expression and downregulation of N-cadherin
and Vimentin expression in GC cells. In further experi-
ments, we found that ANLN was positively correlated
with the expression of EMT-related transcription fac-
tors (Snail and Slug). In conclusion, our results suggest
that ANLN consumption attenuates EMT by down-
regulating the expression of EMT-related transcription
factors. Additionally, MMPs, which are pathologically
related to EMT, modify the ECM to enable cell motility
and induce the expression of transcription factors as-
sociated with EMT to facilitate EMT 2%, In this study,
we demonstrated that both MMP2 and MMP9 proteins
were significantly decreased when EMT was attenu-

ated by ANLN silencing, indicating that knockdown of
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A: Western blot analysis of c-Myc and p-c-Myc (S62) protein levels. B-actin was used as the internal reference of this experiment, and ImagelJ software
was used for grayscale analysis. All data represent the X+s of the values from three biological replicates. Statistical significance was determined with a
two-tailed Student’s #-test. *P<0.05, **P<0.01 compared with sh-NC group; B: co-localization immunofluorescence analysis for ANLN and c-Myc.
Panels show representative images from one of three experiments; C: Co-IP (co-immunoprecipitation) assays. The transfected cells were immunopre-
cipitated by ANLN antibody and c-Myc antibody was used to detect c-Myc of the eluted proteins. They were divided into experimental group, lysate
group and IgG control group. The average of three independent experimental values was used as data.
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Fig.4 Interaction between ANLN and c-Myc triggers EMT in MGC-803 cells

ANLN potentially impairs the abovementioned MMP2
and MMP?9 regulatory loop, thereby blocking EMT.
Next, we found that ANLN silencing decreased
the phosphorylation of Smad2 and remarkably de-
creased the phosphorylation of Smad3 in MGC-803
cells, suggesting that ANLN knockdown blocks EMT
by inhibiting p-Smad2 and p-Smad3. Additionally,
TGF-B signaling pathway initiation upon TGF- bind-
ing to TPRII and TPRI on the cell surface leads to TPRI
phosphorylation by TPRII, and activation of TPRI
further phosphorylates downstream the transcriptional
factors Smad2 and Smad3 at two C terminal serine in

the cytoplasm %, The Smad2 and Smad3 proteins

binding to Smad4 to form Smads complex, which is
then transferred to the nucleus to work with transcrip-
tional coactivators or transcriptional corepressors in the
nucleus to regulate transcription of target genes 7%, We
found that knockdown of ANLN expression decreased
activation of Smad2 and Smad3, thereby inhibiting
EMT to some extent, which may be a supplement to
the typical TGF-B-induced signaling pathway.

Myc and ANLN have been discovered to inter-
act through experimental evidence, including affinity
capture-MS ¥, proximity label-MS " and curated by
the Biogrid '\, One important finding reported here
is the cooperation of ANLN with c-Myc to induce
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A: Western blot assays. The cells were divided into two groups, one group was treated with 10058-F4 cells and the other group was not treated with
10058-F4 cells and cultured for 24 h. After the 24 h treatment, proteins were extracted. E-cadherin, N-cadherin, Snail (Slug), Smad2, Smad3, p-Smad2
(S467), p-Smad3 (S423 and S425), c-Myc and p-c-Myc (S62) protein levels were determined by Western blot assay. B-actin was used as the internal
reference of this experiment, and ImageJ software was used for grayscale analysis. All data represent the X+s of the values from three biological repli-
cates. Statistical significance was determined with a two-tailed Student’s #-test. *P<0.05, **P<0.01 compared with sh-NC & no 10058-F4 group; B:
cells were treated with or without 10 ng/mL TGF-B for 24 h. After the 24 h treatment, proteins were extracted. E-cadherin and N-cadherin expression
levels were analyzed by Western blot assay. B-actin was used as the internal reference of this experiment, and ImageJ software was used for grayscale
analysis. All data represent the X£s of the values from three biological replicates. Statistical significance was determined with a two-tailed Student’s #-test.
*P<0.05, **P<0.01 compared with sh-NC group.

El5 ANLN5c-Myc HBE{ERA il MGC-803 A EMTI{E H 1 #5ESmads = H
Fig.5 Interaction between ANLN and c-Myec triggers EMT in MGC-803 cells but does not activate Smads

EMT in MGC-803 human GC cells. From the present ing to c-Myc and subsequent phosphorylating c-Myc,
results, we found that ANLN activates the expression promoting EMT without activating Smad proteins.

of transcription factors (Snail and Slug) through bind- c-Myc contains six highly conserved regions called
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MBs (Myc homology boxes), in which MB0, MBI and
MBII are located in the TAD (transcriptional activation
domain) ") MBO can not only act on tumor initiation,
but also accelerate tumor growth. It directly binds to
the general transcription factor TFIIF to mediate the
interaction with the transcription extension factor. MBI
contains T58 and S62 residues, which are phosphory-
lated to regulate Myc activity and stability B, MBII
mediates interactions with acetyltransferase-containing
complexes, enabling histone acetylation, and is es-
sential for Myc -dependent tumor initiation B%*) We
thereby speculated that MAX mediates the interaction
of MBI with ANLN, and that phosphorylation of c-Myc
at S62 activates the expression of the above transcrip-
tion factors to promote EMT. This conjecture can also
be extended to how MAX mediates the binding of c-
Myc to ANLN, and how c-Myc is phosphorylated after
binding to activate EMT signaling pathway. Therefore,
further investigations are required to determine our
conjecture.

In summary, we can understand the potential mo-
lecular mechanisms by which ANLN binds c-Myc and
mediates independent Smads targeting downstream
transcription factors to trigger EMT. In addition, we
found that ANLN silencing and EMT is reversed by
TGF-B, which activates the canonical TGF-B-induced
signaling pathway to enhance the phosphorylation of
Smad2 and Smad3 in the nucleus; this further con-
firmed the molecular mechanism of ANLN regulating
EMT through direct binding with c-Myc protein and
mediating Smads signaling pathway, respectively. Our
study showed that ANLN is a crucial modulator of hu-
man GC metastasis. Furthermore, our study represented
a possible molecular mechanism in which ANLN medi-
ates independent Smads and c-Myc signaling pathways,
which target Snail and Slug downstream transcription
factors to trigger EMT. Our study indicated that ANLN

may be a new therapeutic target for GC patients.
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